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Extracellular matrixPVs), etiological agents of epithelial tumors and cancers, initiate infection of
basal human keratinocytes (HKs) facilitated by wounding. Virions bind to HKs and their secreted
extracellular matrix (ECM), but molecular roles for wounding or ECM binding during infection are unclear.
Herein we demonstrate that HPV31 activates signals promoting cytoskeletal rearrangements and virion
transport required for internalization and infection. Activation of tyrosine and PI3 kinases precedes induction
of ﬁlopodia whereon virions are transported toward the cell body. Coupled with the loss of ECM-bound
virions this supports a model whereby virus activated ﬁlopodial transport contributes to an increased and
protracted virion uptake into susceptible cells.
© 2008 Elsevier Inc. All rights reserved.Introduction
Virus-induced cytoskeletal rearrangements are commonly initiated
via cellular signaling to prepare a cell for and facilitate infection. At
the level of initial cellular interaction, cytoskeletal reorganization can
contribute to virion conﬁnement at the cell surface within endocytic
centers (Ewers et al., 2005; Pelkmans et al., 2002), delivery from
attachment to internalization receptors (Coyne and Bergelson, 2006), or
particle transport towards the cell body along ﬁlopodia (Lehmann et al.,
2005;Mercer and Helenius, 2008). In addition to travel along previously
formed structures, recent evidence suggests viruses can activate
ﬁlopodia formation to cause increased viral uptake (Mercer and
Helenius, 2008; Sharma-Walia et al., 2004). Once a virion has accessed
its internalization receptor, endocytosis occurs, and vesicles must cross
the thick cortical actin cytoskeleton. Pre-existing pathways involved in
endocytosis usually promote passage of endocytic vesicles through this
barrier (Apodaca, 2001); however, rearrangement of cortical actin
ﬁlaments is observed in virus infected cells and contributes to infectiono-2-phenylindole; ECM, extra-
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tive polymerase chain reaction;
y, analyzed results, and wrote
n).
l rights reserved.efﬁciency (Li et al., 1998; Pelkmans et al., 2002). Once internalized,
numerous viruses have been demonstrated to utilize the microtubule
cytoskeleton and the motor protein machinery for transport from the
cell periphery towards the nucleus (reviewed by Radtke et al., 2006).
The HPV L2 minor capsid protein interacts with actin and the
microtubule motor protein dynein to direct intracellular transport
(Florin et al., 2006; Yang et al., 2003). Despite the implications for actin
and microtubule networks and motor proteins in HPV entry and
infection (reviewed by Ozbun et al., 2007), the precise role each plays
remains to be elucidated. In this report, we investigated the ability of
oncogenic HPV type 31 (HPV31) to modulate the cytoskeletal
architecture. We found that speciﬁc signaling events are required for
infection and for actin rearrangements to promote virus particle uptake
from the extracellular matrix (ECM) via ﬁlopodia.Results
HPV31 exposure induces cytoskeletal rearrangements that are signal
dependent and required for infection
Rearrangements of the actin and microtubule cytoskeletal net-
works are frequently involved in endocytosis of ligands and viruses
(reviewed by Radtke et al., 2006). Visualization of the actin cy-
toskeleton in unexposed HKs revealed a strong cortical actin network,
stress ﬁbers, and few ﬁlopodia (Fig. 1A; mock). After HK exposure to
low doses of HPV31 for short periods of time, the cortical actin
Fig. 1. HK exposure to HPV31 causes cytoskeletal reorganization that is tyrosine and PI3 kinase dependent and required for infection. (A) HaCaT cells were seeded and allowed to
attach for 16 h before exposure to HPV31 virions at 100 vge/cell for the indicated times (min). Cells were ﬁxed, permeabilized and stained with AF680-phalloidin to visualize the actin
network. Slides weremountedwith Vectashield/DAPI and confocal photomicroscopywas performedwith a 63× objective; the two upper panels showXZ-stacks from 0 to 5 μmabove
the slide plane. (B) Actin-GFP transfected HaCaT cells were exposed to HPV31 in the presence or absence of inhibitors of tyrosine kinase (genistein; 100 μM), or PI3 kinase
(wortmannin; 450 nM) for 30 min at 37 °C. Slides were mounted with Vectashield/DAPI and confocal photomicroscopy performed (63× objective). (C) Slides shown in (B) were
blinded and the number of ﬁlopodia in the plane of the ECM per cell was quantiﬁed. Error bars represent SEM and statistical signiﬁcance was achieved with pb0.01(⁎⁎).
17Rapid Communicationnetwork and stress ﬁbers began to break down, and by 10 min and
30 min, a strong induction of ﬁlopodia was observed (Fig. 1A). As seen
in the XZ cross-sections, virion exposure caused extensive three-
dimensional ﬁlopodial movements, rising microns out of the plane
from the slide (Fig.1A). The signaling pathways regulating cytoskeletal
reorganization and ﬁlopodia induction by HPV31 were investigated
using actin-GFP transfected cells (Figs. 1B, C). Genistein and
wortmannin suppressed ﬁlopodia induction by HPV31 suggesting
that both tyrosine kinase and phosphoinositide 3 (PI3)-kinase
activities regulate the reorganization of the actin cytoskeleton that
leads to formation of these structures. Quantiﬁcation of the number of
ﬁlopodia per cell conﬁrmed a signiﬁcant requirement for tyrosine and
PI3 kinases during HPV31 ﬁlopodia activation (Fig. 1C).
To determine the requirement of signaling and the cytoskeletal
reorganization during virion entry and infection, we employed an
infectious entry assay, which measures the ability of virions to attach,
enter, translocate, uncoat, and express early viral RNAs. HKs wereFig. 2. Cytoskeletal dynamics and signaling inhibitors block HPV31 entry and infection. (A) H
presence of inhibitors: 50 or 100 μM genistein (black boxes), 300 or 450 nM wortmannin (re
circles), 20 or 30 μM PD90859 (purple circles), or 500 or 750 nM calphostin C (orange inverte
removed, and cells were refed with media containing neutralizing antibody. Infections proce
quantify spliced HPV31-E1^E4 transcripts indicative of infection; error bars represent SEM
wortmannin; 150 μM blebbistatin), then exposed to AF594-HPV31 at 10,000 vge/cell; the
Infections were maintained for 16 h with inhibitor present; inhibitors were washed out an
before ﬁxing and microscopy as in Fig. 1.exposed to low doses of HPV31 virions in the presence of well-
characterized inhibitors for 16 h. After removal of the chemicals, an
HPV31-neutralizing antibody was added, and infectionwas allowed to
proceed for an additional 32 h. This experimental design was used to
minimize chemical cytotoxic effects. Addition of the neutralizing
antibody does not affect infection by successfully internalized virus
(Smith et al., 2007); thus, any infection reduction observed indicates
that virions were either held at the cell surface during the chemical
treatment or were internalized into a nonproductive entry route.
Infections were blocked in the presence of inhibitors of tyrosine
kinases (genistein), PI3 kinases (wortmannin), actin polymerization
(cytochalasin D), and microtubule polymerization (colchicine)
(Fig. 2A). However, no infection inhibition was observed upon
treatment with inhibitors of protein kinase C (Calphostin C) and
MEK1/2 (PD90859), neither of which is directly involved in cytoske-
letal rearrangements. Confocal microscopy at 24 h post-exposure
conﬁrmed that a majority of virions were held at the cell surfaceaCaT cells were pretreated with inhibitor and infected with HPV31 at 100 vge/cell in the
d triangles), 5 or 10 μM cytochalasin D (blue triangles), 50 or 100 nM colchicine (green
d triangles). Infections progressed for 16 h in the presence of chemicals, inhibitors were
eded for 48 h before RNA isolation. Total RNAs were subjected to RT-qPCR in triplicate to
. (B–E) Cells were pretreated with inhibitors for 30 min (100 μM genistein, 450 nM
higher dose of ﬂuorescent virions is required to visualize bulk cellular interactions.
d infections proceeded 8 h longer (total 24 h) in the presence of neutralizing antibody
Fig. 3. Virus particles disappear from the ECM over time but are notmobile. (A) Saturating doses of AF594-HPV31 virions (red; ≈10,000 vge/cell) were bound to the ECM of HaCaTcells
and incubated at 37 °C for indicated times. Cells were ﬁxed and mounted with Vectashield/DAPI. (B) FRAP using AF647-HPV31 pseudovirus bound to the ECM of A431 HK. The laser
was turned to full power to cause photobleaching, and the affected area was monitored for ﬂuorescence recovery. Quantiﬁcation is represented as ﬂuorescence within bleached area
versus time and normalized to pre-bleach intensity. HaCaT cell ECM also showed no ﬂuorescence recovery in similar assays (not shown).
18 Rapid Communicationfollowing inhibition of tyrosine kinases (genistein), PI3 kinases
(wortmannin), and the actin motor protein myosin II (blebbistatin)
(Figs. 2C–E). However, in untreated cells HPV31 virions were observed
at perinuclear locations (Fig. 2B). Together these data indicate that
tyrosine and PI3 kinase signaling lead to actin rearrangements
required for ﬁlopodia formation as well as HPV31 infectious entry
into HKs. The few virions that appear internalized in kinase inhibitor-
treated cells (Figs. 2C, D) likely reﬂect non-speciﬁc internalization and
result in a non-infectious entry pathway (Fig. 2A).
HPV31 transport on ﬁlopodia facilitates virion uptake from the
extracellular matrix
Upon exposure of cultured cells to HPV particles, a clear majority of
capsids attach to the ECM deposited under and around the cell (Culp
et al., 2006; Day et al., 2007) (our observations). It has been suggested
that attachment to ECM factors may represent a mechanism of
concentrating virions near target cells, the basal cells of the epithelia
(Culp et al., 2006). For ECM binding to promote cell infection some
function must increase exposure of these bound virions to the cell
plasma membrane, and we reasoned that ﬁlopodial projections could
promote this activity of particle uptake as shown for other viruses
(Lehmann et al., 2005;Mercer andHelenius, 2008). Supporting this idea,
we found that virions increasingly disappear from the ECM over several
hours (Fig. 3A). To determine if this disappearance was related to virus
particle mobility on the ECM as a means of accessing the cell plasma
membrane, ﬂuorescence recovery after photobleaching (FRAP) wasFig. 4. Transport of HPV31 via ﬁlopodia increases viral uptake from the ECM. AF647-HPV31 p
eEGF (green) and immediately monitored over time by confocal ﬂuorescence microscopy. (A
from the ﬁlopodium periphery toward the cell body. (C) An example of ﬁlopodial retraction
curling to bring particles to the cell body; arrowheads denote the movement of single virus
upon time lapse videos provided as Supplementary videos.performed. Fluorescently labeled HPV31 pseudovirions encapsidating a
plasmid, rather than the oncogenic viral genome, were used due to the
biohazard associated with these live cell manipulations. The results
demonstrated that ECM-bound ﬂuorescent-HPV31 particles are essen-
tially immobile and unable to diffuse toward cells (Fig. 3B), indicating
that the cell must interact with the ECM to engage these particles.
Next, we investigated whether movement of ﬁlopodial structures
over ECM-bound virions might represent a mechanism for increasing
viral uptake from extracellular regions distal to the cell. Time-lapse
confocal microscopy was performed on live HaCaT HKs and on A431
HKs expressing GFP-tagged ErbB1, which we previously used to
demonstrate the retrograde transport of activated epidermal growth
factor receptors (EGFR, ErbB1) along ﬁlopodia toward the cell body
(Lidke et al., 2005). We observed retrograde viral transport of
individual viral particles (i.e., “surﬁng”) along ﬁlopodia towards the
cell body (Figs. 4A, B, Supplementary videos 1–3), supporting a model
in which ﬁlopodia facilitate increased uptake of HPV31 from the ECM.
Calculation of virion transport velocity along ﬁlopodia revealed a
speed of 40 nm/s±15 nm/s, a velocity higher than that observed for
EGFR retrograde transport on the same cell line (Lidke et al., 2005).
This suggests that virus binding increased the rate of actin ﬂow as
compared to EGFR activation or that the virus is transported via a
motor protein (i.e., myosin VI).
In addition to active transport, we observed two other modes of
distal particle transfer to the cell body via ﬁlopodia: namely ﬁlopodial
retraction (Fig. 4C; Supplementary video 4) and cases where the
ﬁlopodial tip with attached virionwas bent back toward the cell body,seuodvirions (red; ≈10,000 vge/cell) were added to A431 cells stably expressing ErbB1-
, B) Arrowheads mark the movement of single virus particles via retrograde transport
where the ﬁlopodial tip is marked by arrowheads. (D, E) Examples of ﬁlopodial lateral
particles. The scale bars represent 2 μm in A, D, E and 5 μm in B, C. These data are based
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20 Rapid Communicationwhichwe term lateral curling (Figs. 4D, E; Supplementary videos 5–7).
Lateral curling was found to occur upon virus binding directly to
ﬁlopodia (Fig. 4D), or in some cases involved capture of virus
particles bound to the ECM (Fig. 4E). In many instances when
particles reached the cell body, virion motion transitioned from
active transport to rapid diffusion, indicating either internalization at
the base of the ﬁlopodia or transfer to the adherent (basolateral) cell
surface. While virus particles were seen diffusing rapidly on the
cellular ﬁlopodia, typically virions initiated active transport within
8 s (2 frames) of binding (Fig. 4A: Supplementary video 1). The latter
demonstrates rapid engagement of the transport machinery.
Discussion
Epithelial wounding facilitates PV infection in vivo (Roberts et al.,
2007), but the molecular aspects of this process remain poorly
understood. Arguably, access to the mitotically active basal cells is a
primary wounding facet important for establishing persistent PV
infections. Two additional consequences of epithelial wound healing
appear to have considerable roles in infection. The ECM secreted by
keratinocytes into the wound bed is found to bind high numbers
of HPV particles, and may act as a reservoir for virus exposure to
susceptible cells (Culp et al., 2006). We show that these ECM-bound
particles are immobile, and thus unable to access susceptible cells
unaided. However, we ﬁnd that ﬁlopodia, which can be activated by
wounding (reviewed by Mattila and Lappalainen, 2008), are also
induced by low dose HPV31 exposure and act to increase virion
acquisition from the ECM to cells over many hours. Early gene ex-
pression as a measure of HPV31 infection of HKs is detected as early as
4 h post-exposure (Ozbun, 2002), likely resulting from direct plasma
membrane binding of virions. Therefore, we propose that the process
of active and protracted virion uptake from the ECM by ﬁlopodia is the
primary reason that the bulk of HPV31 virions, most of which bind to
the ECM, appear to have an unusually long internalization half-time
(≈14 h) as we reported (Smith et al., 2007).
Transport of viruses along ﬁlopodia during the attachment and
entry process has been documented for a number of enveloped
viruses (Lehmann et al., 2005; Mercer and Helenius, 2008; Sharma-
Walia et al., 2004). Ours is the ﬁrst report of ﬁlopodial translocation by
a nonenveloped virus: HPV31 particles bind to ﬁlopodia and transport
to the cell body using retrograde transport, retraction, and lateral
curling mechanisms before particle entry into the cytosol. Although
the effect of blebbistatin as a myosin II and retrograde F-actin ﬂow
inhibitor was cytotoxic over our infection time course, the ﬁnding that
blebbistatin blocks HPV31 entry is consistent with similar experi-
ments with murine leukemia virus and vesicular stomatitis virus
where ﬁlopodial movement and infection are inhibited (Lehmann et
al., 2005). In all, these characteristics of retrograde ﬁlopodial move-
ment and HPV31 entry are comparable to those seen for murine
leukemia virus and vesicular stomatitis virus infections in vitro
(Lehmann et al., 2005).
Activation of ﬁlopodia by HPV31 is dependent upon intracellular
signaling, a path of investigation prompted by our observation that
HPV31 localizes to lipid rafts and enters via a caveolar route, both of
which are associated with increased signaling (Smith et al., 2007).
Filopodial structures and HPV31 infection are inhibited by agents
that interfere with tyrosine and PI3 kinase activity and actin
polymerization, as well as microtubules, which can mediate ﬁlopodia
movement (Schober et al., 2007). However, we cannot conclude that
these agents block infection solely by inhibiting ﬁlopodia. Actin and
microtubule rearrangements are likely required at multiple stages
during early HPV infection and highly speciﬁc inhibitors of ﬁlopodia
are not available. Thus, there is no current means to directly test
whether ﬁlopodia induction is required for infection. We found that
a few virions bind directly to the plasma membrane where they are
able to enter prior to ﬁlopodia activation in HKs (Smith et al., 2007),and in the absence of signaling (Figs. 2C, D). Collectively, these
observations argue against a strict requirement for ﬁlopodia in
HPV31 infection of HKs, implying rather that ﬁlopodial transport of
virions from the ECM functions to increase cell exposure to virions
and particle uptake as seen for other viruses (Lehmann et al., 2005;
Mercer and Helenius, 2008).
This work provides an additional explanation as to why wounding
promotes HPV infection of stratiﬁed epithelium. Virions can gain
access by direct binding to the plasmamembrane of susceptible (basal)
cells, which promotes a more rapid infection (Ozbun, 2002), or by
binding the ECMwhereHPVexposure and/orwoundinghave activated
signaling and ﬁlopodia to result in increased virus uptake from the
surrounding environment. Each of these increases the likelihood of
establishing infection in susceptible cells.With a particle-to-infectious
unit ratio for PVs of ≈104:1 but only 1–2×104 receptors per cell
(reviewed by Ozbun et al., 2007), it is logical that these viruses would
employ supplementary means for increasing their exposure to host
cells. One could postulate that a basal cell need not be fully exposed via
a wound to be HPV infected, but that mere ﬁlopodial activation might
conceivably stimulate susceptible cells to reach actin-rich ﬁbers up
through the epithelial layers where virions could attach and be
translocated to the cell body. This study reveals yet another example of
normal cellular processes hijacked by viruses for their advantage.
Materials and methods
Cell culture, virion production, infections
Cell culture, virion production and puriﬁcation, infections, virion
labeling with Alexa Fluor (AF) 594 or AF647 carboxylic acid,
succinimidyl ester (Molecular Probes), and RT-qPCR infectivity assays
have been previously described (Smith et al., 2007); HPV31 pseudo-
virus was produced as previously reported, encapsidating pClNeo-GFP
plasmid (Pyeon et al., 2005). Biochemicals were purchased at Sigma or
Calbiochem, and cells were preincubated with inhibitors (genistein,
wortmannin, cytochalasin D, colchicine, blebbistatin, PD90859, cal-
phostin C) for 30minprior to viral attachment. Infectionswere allowed
to proceed for 16 h in the presence of inhibitors, at which point media/
inhibitor was removed and replacedwithmedia containing an HPV31-
neutralizing antibody (H31.A6) diluted 1:1000. Cells were harvested at
48 h for total RNA, which was subjected to RT-qPCR to quantify
infections using primers, probes, and conditions as previously
described (Smith et al., 2007).
Visualization of actin cytoskeleton
HaCaT cells were seeded onto coverslips and allowed to attach
overnight. HPV31 was diluted to 100 vge/cell in media and added to
cells for various amounts of time; mock samples were exposed to an
equal volume of virion dilution buffer in media for 30 min. Cells were
washed and ﬁxed with 3.7% paraformaldehyde, permeabilized with
0.1% TX-100, and stained with AF680 phalloidin (Molecular Probes).
Coverslips were mounted with Vectashield/DAPI (Vector Labs).
Alternatively, HaCaT cells were transfected with pGFP-actin (Invitro-
gen); 2 days post-transfection cells were pretreatedwith inhibitors for
30 min prior to and during a 30 min HPV31 exposure. Cells were ﬁxed
with 3.7% paraformaldehyde and mounted with Vectashield/DAPI.
Microscopy was performed using a Zeiss LSM510 META confocal
microscope with a 63× objective. The number of ﬁlopodia per cell was
assessed at the adherent surface (in the plane of the ECM) for 20
random cells per slide in a blinded fashion.
FRAP and live cell microscopy
Live cell imaging was performed using the Zeiss META system
equipped with a 63×1.4 NA oil objective and FRAP was performed at
21Rapid Communicationroom temperature; single virus particle trackingwas at 30 °C. Cells were
allowed to attach ≥16 h at 37 °C then exposed to AF647-HPV31 PsV
(≈10,000 vge/cell) for 1 h. With a focal point at the plane of the ECM,
AF647-PsV was excited using the 633 nm diode laser and photobleach-
ing performed by turning laser to full power. Emission was collected
with a 650 longpass ﬁlter, and images were acquired using 2× line
averaging at intervals of one image every 2 s AF647-HPV31 PsV (red)
was added to eGFP-ErbB1-A431 or HaCaT cells, and immediately
monitored over time as reported (Lidke et al., 2005). GFP and AF647
were simultaneously excited using the 488 nm argon line and the
633 nm diode laser. GFP emission was collected through 505–530
bandpass ﬁlter and the AF647 with a 650 longpass ﬁlter. Images were
acquired using 2× line averaging at intervals of one image every 4 s.
Time series were Gaussian ﬁltered and corrected for GFP photobleach-
ing. PsV particles undergoing transport were tracked using routines
written in Matlab (The Mathworks, Inc.) and ﬁt to the equation
describing active transport MSD=2DΔt+v^2Δt, where MSD is themean
square displacement, D is the diffusion coefﬁcient, v is velocity and Δt is
the time interval (Lidke et al., 2005). HaCaT cells were monitored by
ﬂuorescence and differential interference contrast (DIC) microscopy.
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Note in Added Proof
After this work was accepted, we learned that Schelhaas et al.
reported HPV16 uses retrograde ﬁlopodia transport to increase
infection in HeLa cells (PLoS Pathog 4(9): e1000148.). This demon-
strates the conserved nature of ﬁlopodia transport by high-risk HPVs.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.virol.2008.08.040.References
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